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An integrated, tunable spectrometer based on a silicon-on-sapphire platform is designed at wavelengths of
2.29–2.35 μm. Its pivotal component is a 4.7 μm-radius ring resonator on a graphene monolayer. Its full width
at half-maximum and free spectral range are ∼1.5 and ∼45 nm, respectively, as found through a numerical
simulation and theoretical computation. Sixteen characteristic peaks are obtained by tuning the Fermi level
of graphene. The gap between the ring and waveguides is increased by 0.5 μm to increase the resolution,
and though this can drastically reduce the transmission rate, an upper sapphire layer maintains light to the
drop port.
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The development of micro-nano technology, and in
particular high-energy light sources and high-precision de-
tectors, has seen the application of micro-nano devices
gradually expand from the near-infrared (NIR) into
mid-infrared (MIR) wavelengths. As a result, the high sen-
sitivity and low power consumption of micro-nano pho-
tonic sensors[1,2] have received increasing attention from
scientific workers. The integrated on-chip spectrometer
has been the focus of many researchers as a typical type
of passive micro-nano device, and in recent years, struc-
tures such as arrayed-waveguide gratings[3–8], planar con-
cave gratings[5,9,10], Mach–Zehnder interferometers[11,12],
and micro-ring resonator arrays[13] have been proposed.
The resolution of these structures can be very high and
often works in the range of tens of nanometers. For exam-
ple, the linewidth of a previously proposed spectrometer[13]

is about 0.6 nm, with an operating bandwidth that can
reach 50 nm. Unfortunately, there are still some problems
with such structures in terms of producing arrayed-
waveguide gratings and ring resonator arrays; i.e., any
given channel of the spectrometer can only output one spe-
cific spectrum signal. Thus, for a spectrometer to have
dozens of characteristic peaks requires a very complicated
production process that could limit their practical appli-
cation. Besides, the response speed of the thermo-optic
effect can only reach the microsecond level[14,15], which
could be harmful for the improvement of the data trans-
mission speed of a light network.
As a new type of two-dimensional material, graphene

has been receiving increasing intention since it was first
prepared in 2004. The reason for this is that not only
can its conductivity be fleetly and dynamically tuned
by electrostatics[16,17], but it can also interact with visible

and infrared wavelengths of light[18]. To reduce the diffi-
culty in fabricating on-chip spectrophotometers, this
Letter proposes a device based on only one micro-ring res-
onator. In order to make this work, it is necessary to tune
the resonance wavelength of the resonator. This has been
achieved by tuning the Fermi level of graphene (i.e.,
modulating its electro-optic characteristics) in such a
way that the resonator can resonate at a specified posi-
tion[16]. Through structure optimization, we obtained a
micro-ring resonator with superior performance and with
a working wavelength of 2.29 to 2.35 μm. The three-
dimensional finite-difference time-domain (3D FDTD)
method was then used to calculate the optical field distri-
bution after light passed through the spectrometer with-
out graphene. Using these results, and the transfer matrix
method[19] with the fully vectorial calculation (FVC)
method, we analyzed the relationship between the posi-
tion of resonance peaks and the Fermi level of graphene.
The results obtained revealed that it is possible to dynami-
cally modulate the resonance wavelength of a resonator by
changing the Fermi level of graphene. This makes it pos-
sible to get 16 evenly spaced characteristic peaks within
the working wavelength.

A schematic diagram of the pivotal component in the
newly proposed micro-ring resonator is provided in Fig. 1,
where h3 ¼ 4 μm and h2 ¼ 2 μm are the thicknesses of the
silicon and sapphire, respectively. The radius of the reso-
nator is R ¼ 1

2 ðr2 þ r1Þ ¼ 4.7 μm, which gives a total
width of 580 nm. This size was chosen to ensure that
the spectrometer can work in the mid-infrared range.
The height of the resonator and straight waveguides
are 440 nm, the length and width of the two waveguides
are 24 μm and 580 nm, and the gaps between the resonator
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and two waveguides are 500 nm. In order to regulate the
location of the resonance peaks, a graphene monolayer
∼0.5 nm thick was applied onto the sapphire. Finally,
an additional layer of sapphire with a thickness of h1 ¼
2 μm was applied on the top of the graphene in order
to strengthen the constraint of light.
The 3D FDTD method was used to calculate the trans-

mission of the drop port (Td) without graphene. For this,
the incident light is assumed to be transverse magnetic
(TM) polarized with a wavelength of 2.29 to 2.35 μm.
The FVC method was used to calculate the electric field
distribution of the cross section and the effective refractive
indexes of different wavelengths. According to previous
studies[20], the resonance equation of a ring resonator
can be expressed as

2πRnc ¼ mλ; (1)

where R is the radius of the resonator, nc is the effective
refractive index, which is dependent on the wavelength of
incident light, m is a positive integer related to the reso-
nance order, and λ is the resonant wavelength. Based on
the result of the FVC method, the following expression[19]

(transfer matrix method) can then be used to fit the trans-
mission of the drop port:

T ¼
�

−k2 exp½−iðβ− iαÞπR�
1− t2 exp½−2iðβ− iαÞπR� exp½−2iðβ− iαÞL�

�2
; (2)

where k2 is the power coupling coefficient, t2 is the power
transmission coefficient, and k2 þ t2 ¼ 1 if no coupling loss
exists in the coupling region. β ¼ 2πnc∕λ is the propaga-
tion constant for both the ring resonator and waveguides,
2L ¼ 24 μm is the length of the input and output
channels, and α is the loss per unit length.
The blue line in Fig. 2(a) shows the transmission curve

of the drop port, from which we can see that there are
two resonance peaks with a full width at half-maximum
(FWHM) of about 1.5 nm. According to the result of FVC
method, we can calculate the free spectral range (FSR),
which is about 45 nm in the operation’s wavelength range.
Figure 2(a) also shows that the results of the transfer ma-
trix method and FDTD method are a little different. The
locations of the resonance peaks of the transfer matrix
method are blue shifted, which is because the dispersion
relation used in FDTD is a little different from FVC.
The intensity of the second resonance peak is slightly

different, which is because the wavelength has a strong in-
fluence on the loss when using the FDTD method, and we
set this value to be constant in the transfer matrix method
(α ¼ 2.71 × 10−4 μm−1). Figures 2(c)–2(d) illustrate that
the graphene layer has a strong effect on the fundamental
TM mode of the waveguide. In addition, Fig. 2(b) shows
that the resonant effect of the resonator is very obvious.

The optical conductivity of the graphene sheet can be
calculated using random-phase approximation in the local
limit[21–23],
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i2e2kBT
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where e¼1.602×10−19 C is the electronic charge, kB ¼
1.3806 × 10−23 J∕K is the Boltzmann constant, T is the
temperature (300 K in this case), ℏ¼ 1.0546× 10−34 J·S
is the reduced Planck’s constant, ω is the circular fre-
quency of incident light, EF is the Fermi level, and
τ ¼ μEF∕ðeν2FÞ is the carrier relaxation lifetime[24], where
μ ¼ 10000 cm2 · V−1 · s−1 is the dc mobility[25] and
νF ≈ 1 × 106 m∕s is the Fermi velocity.

Having obtained the conductivity of the graphene, it
can be used to calculate its refractive index using the
expression nG ¼ ���������

μrεr
p

. Here, μr ¼ 1 is the relative
permeability, and εr can be expressed as follows[21]:

εr ¼ 1þ iσsðωÞ
ωε0d

; (4)

where ε0 ¼ 8.8542 × 10−12 F∕m is the permittivity in a
vacuum, and d ¼ 0.5 nm is the thickness of the graphene

Fig. 1. Schematic diagram of the spectrometer.

Fig. 2. (a) Transmission curve of the drop port obtained using
the FDTD method (blue solid line) and transfer matrix method
(red dotted line). (b) Electric field distribution of the resonator
at the resonant position (λ ¼ 2.2989 μm). (c, d) Electric field dis-
tribution of the cross section (white line in (b)) without and with
single-layer graphene, respectively. The black rectangles in (c)
and (d) represent the position of waveguide, and the orange
dashed line in (d) represents the position of the single-layer
graphene.
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monolayer. In order to calculate the effective refractive in-
dex under the condition of having single-layer graphene,
we first calculate the refractive index of graphene nG

among different Fermi levels as a function of the wave-
lengths. Then, we import the data to the Lumerica Mode
solution and use the FVCmethod to calculate the effective
refractive index of the waveguide nc. In this Letter, we put
only one layer of graphene in the sandwich structure
because the single-layer graphene has little influence on
the effective refractive index of a sandwich structure if
the Fermi level of the graphene is tuned[26], and we just
need a smaller adjustment range of the effective refractive
index.
According to a previous description[27], only when the

image part of the optical conductivity σsðωÞ > 0 can a gra-
phene monolayer support the TM mode. Figure 3 shows
that this requirement can be met when the Fermi level
0 < EF < 0.08 eV or 0.32 eV < EF < 1 eV. Considering
that a large adjustment range may be required, the Fermi
level of EF > 0.32 eV was chosen for our calculation. As
demonstrated in Fig. 4(a), the real part of the refractive

index of graphene ReðnGÞ decreases with the wavelength
among all Fermi levels, and importantly, the refractive
index is approximately inversely proportional to the wave-
length. Figure 4(b) is calculated from the FVC method,
and the inverse relationship in it is due to the inverse
relationship in Fig. 4(a). As shown in Fig. 4(c), through
tuning the Fermi level of graphene in the range of 0.32
to 0.46 eV, we can let the resonator resonate in any posi-
tion of the operation’s wavelength range. As we mentioned
above, the Fermi level of graphene must be bigger than
0.32 eV, so, in the resonance grade of m ¼ 29, the reso-
nance peaks can only be tuned from 2331.8 to
2297.4 nm (the position of the left dotted line). Fortu-
nately, the rest of the resonance peaks can be obtained
in the resonance grade m ¼ 28. At the same time, the left
and right red dotted lines are in the resonance grades of 30
and 29, respectively. The following analysis will be based
on the two red dotted lines.

The Fermi level of graphene can be tuned by applying
the voltage[16,28,29]

EF ¼ ℏνFðπa0jVg − VDiracjÞ1∕2; (5)

where a0 ¼ εr1ε0∕ðd1eÞ is obtained from the simple capaci-
tor model, jVg − VDiracj is the applied voltage, and εr1 and
d1 are the permittivity and thickness of the aluminum ox-
ide layer (2.9791 and 10 nm, respectively). Figure 2 shows
that the FWHM of the red dotted resonance peaks is
about 1.5 nm, while the FSR is about 45 nm, so, in this
experiment, we can get another 14 uniformly distributed
characteristic peaks across the operation’s wavelength
range by controlling the applied voltage. The spectrum
of our spectrometer is presented in Fig. 5. Note that
the two resonance curves (black lines) on both sides of
the spectrum are exactly the same as the red dotted line
in Fig. 2, while the other 14 resonance curves (red lines)
are obtained from tuning the applied voltage. The blue
line in Fig. 5 shows the relationship between the resonant
wavelength and applied voltage, whereas the 14 blue as-
terisks show the applied voltages that correspond to the 14
red resonance peaks. The dramatic change of voltage be-
tween 2.33 and 2.335 μm is because the resonance grade is
changed from 29 to 28; in spite of this problem, by tuning
the applied voltage within a small range (about 4 to 10 V),

Fig. 3. Image part of the optical conductivity in the operation’s
wavelength range.

Fig. 4. (a) Real part of the refractive index of graphene ReðnGÞ
among different Fermi levels as a function of the incident light
wavelength λ. (b) The effective refractive index with and without
graphene. (c) The calculated transmission curve corresponding
to the different effective refractive index curve in (b), and the
red dotted line is the same as the dotted line in Fig. 2(a). The
illustration of color line is suitable for all plots.

Fig. 5. Spectrometer spectrum (black and red line) and applied
voltage (blue line) as a function of the incident light.
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the resonant wavelength of the resonator can be dynami-
cally tuned. Thus, we can obtain an integrated tunable
spectrometer in the working wavelengths.
In conclusion, structure optimization makes it possible

to obtain a micro-ring resonator with superior perfor-
mance, with an FWHM of less than 1.5 nm and an
FSR of about 45 nm. By combining this with a graphene
monolayer, an on-chip tunable spectrometer with a work-
ing wavelength of 2.29 to 2.35 μm is proposed. By control-
ling the applied voltage, the resonant wavelength of the
resonator can be dynamically tuned, thereby producing
16 characteristic peaks in the working wavelength range.
This tunable spectrometer can have a significant effect on
the development of on-chip spectrometers.
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